Background The perimenopausal and postmenopausal periods are times of pronounced physiological change in body mass index (BMI), physical activity and energy intake. Understanding these changes in middle age could contribute to formation of potential public health targets. Method A longitudinal cohort of 5119 perimenopausal women from the Aberdeen Prospective Osteoporosis Screening Study (APOSS) recruited between 1990 and 1994, with follow-up visits at 1997-1999 and 2009-2011. At each visit, participants were weighed, measured and completed socioeconomic and demographic questionnaires. Participants at the first visit were asked to recall body weights at 20, 30 and 40 years of age. We assessed trends in BMI, physical activity and energy intake across and within visits. Results Over 2 decades, obesity prevalence doubled from 14% to 28% of the participants, with 69% of participants being categorised as overweight or obese. Greater than 70% of participants gained >5% of their baseline BMI with weight gain occurring across all weight categories. Energy intake and physical activity levels (PALs) did not change during the 2 decades after menopause ( p trend=0.06 and 0.11, respectively), but, within the second visit, energy intake increased concomitantly with a decrease in physical activity across increasing quartiles of BMI ( p trend <0.001 for all). Conclusions Overweight and obesity increased by over 50% over the course of 20 years. Weight gain occurred across the adult life course regardless of starting weight. The marked increase in dietary intake and decrease in PALs in middle age suggest a potential critical period for intervention to curb excess weight gain.
INTRODUCTION
The current prevalence of overweight and obesity in Scotland is 65%, with men more likely to be overweight and obese than women (67% compared with 62%). 1 Similarly, in England, 65% of men and 58% of women are categorised as overweight or obese. 2 Carrying excess body weight and a lack of physical activity can affect the quality of life in older adults. 3 4 Additionally, many comorbidities are related to excess or insufficient body weight, and mobility and physical activity are linked. 3 5 The UK Chief Medical Officers recommend at least 150 min of moderate or 75 min of vigorous activity per week. 6 Yet, fewer than 40% of Scottish women between the ages of 55 and 74 years meet those guidelines, with declining adherence alongside increasing age. 1 The current obesity condition is a result of multiple aetiologies and primary focus remains on energy intake and energy expenditure. 7 8 In the past few decades, overall energy intakes in the British population, based on food and drink purchases, have decreased while physical activity levels (PALs) and prevalence of overweight and obesity have increased, though variations are observed in different age and sex groups. 9 10 National data are composed of a series of cross-sectional collections and lack the ability to trace a subset of individuals through time; national health survey data are not able to determine the effects of ageing. As adults age, a change towards a healthier pattern of eating may result in a decrease in energy intake while increasing an adherence to a healthier dietary pattern. 11 However, inactivity is more common in women than men and tends to rise with age. 12 13 Furthermore, the perimenopausal period and middle age are suggested to be a sensitive periods for obesity development, as the decrease in oestrogen levels following menopause is related to a parallel increase in body fat mass, and middle age may be a key period that influences ageing and longevity. [14] [15] [16] [17] Our primary aim was to characterise the longitudinal patterns and relationships between body weight, PALs and energy intake over two decades in a population of perimenopausal women. We explored trends in physical activity and energy intake within levels of body mass index (BMI) at each study visit and, within a subset of women with recalled history of body weight at ages 20, 30 and 40, we examined weight change over six decades.
METHODS

Participants and settings
Participants were women from the Aberdeen Prospective Osteoporosis Screening Study (APOSS) cohort, which initially recruited 5119 women aged 45-54 years between 1990 and 1994 using random selection from Community Health Index records. 18 Baseline participants were recruited for a population-based screening programme for osteoporosis fracture risk. At this visit, a subset of participants (n=1941) were asked to complete a questionnaire asking them to recall their body weights at ages 20, 30 and 40 years old. Participants were followed-up with second (1997-1999; n=3883 ) and third (2007-2011; n=2130) visits. All procedures involving human participants were approved by the East of Scotland Research Ethics Service. Written informed consent was obtained from all participants.
Measurements
Participants at all visits were weighed while wearing light clothing and no shoes on balance scales (Seca, Hamburg, Germany), calibrated to 0.05 kg. Heights (cm) were measured using a stadiometer (Holtain, Crymych, UK). Body weights at ages 20, 30 and 40 years old were self-reported at the first study visit. BMI was calculated as weight in kilograms divided by height in metres squared. Underweight was defined as BMI <18.5 kg/m 2 , normal weight as 18.5 kg/m 2 ≤BMI<25 kg/m 2 , overweight was defined as 25 kg/m 2 ≤BMI<30 kg/m 2 and obesity as BMI ≥30 kg/m 2 . National deprivation category is used as a measure for socioeconomic status and was assigned from postal codes in 1997-2000 for visits 2 and 3; the lowest number denotes the most affluent/least deprived. 19 Questionnaires and interviews at study visits were used to assess age, menopause status ( premenopausal, perimenopausal, postmenopausal), hormone-replacement therapy (HRT; past user, present user) use and smoking status (yes/no).
Energy intake and expenditure measurements
Energy intake was assessed via a semiquantitative food frequency questionnaires (FFQ) that evaluated usual dietary intake over the previous 12 months and was based on the Caerphilly FFQ used for the Scottish Heart Health Study, but modified to include more detail on foods commonly eaten in northeast Scotland. 20 21 It had been validated using 7-day weighed food records. 22 23 Baseline FFQs were assessed shortly after the baseline, first, visit in 1993 and at each follow-up visit.
PAL was obtained using the same questionnaire as in the Scottish Heart Healthy Study. 24 PAL is calculated from the duration and intensity of activity performed in a 24-hour period divided by basal metabolic rate (BMR); these were assessed for working and non-working days. 25 PAL ranges in a general population between 1.4 and 2.5 with categories for those with sedentary or light activity lifestyles (1.4≤ PAL <1.7), active to moderately active lifestyles (1.7≤ PAL <2), and those with the vigorous activity lifestyles (PAL ≥2.0), with values ≥1.75 as desirable for positive health outcomes. 26 BMR was calculated using the Schofield equations, which computes BMR using the age, sex and weight of an individual. 25 These predictive equations were calculated from an analysis of anthropometric data and calorimetric measures of BMR compiled from mostly North American and Western European participants and have been previously used to determine the UK Estimated Average Requirement (EAR) for energy in children and adults.
Statistical analyses
All analyses were conducted using SAS V.9.3 (SAS Institute, Cary, North Carolina, USA). Characteristics are presented as median (IQR). BMI loss was calculated as >5% loss in baseline BMI; gain was calculated >5% of baseline BMI; individuals who stayed within 5% of their initial body weight were categorised as having stable BMI. A change of 5% body weight was defined due to the clinical relevance of that amount of weight change. 27 Five individuals with retrospective weight recall reported abnormally low values for body weights at 40 years old and were removed from analysis. Linear trends were evaluated using ln-transformed variables and contrast statements in PROC GLM for participants who attended all visits and separately for each visit to observe potential dissimilarities between groups. Differences between continuous variables were calculated using the Kruskal-Wallis test for non-parametric variables; χ 2 tests were used for categorical variables.
RESULTS
Participant characteristics
At the first visit, participants had a median (IQR) age of 48 (46-49) years; 3235 (64%) returned to the second visit at 55 (53-56) years; and 2135 (66%; 42% of baseline) returned to the third visit at 66 (64-67) years old (table 1) . At the first visit, 31% and 14% of the participants were overweight and obese, respectively (figure 1), increasing to 38% and 41% overweight and 20% to 28% obese, at the second and third visits. BMI increased, while heights decreased, across increasing levels of deprivation (results not shown). There were no differences in BMI between participants who had previously taken HRT or not, except at visit 2 (median BMI (IQR) for HRT use: 25.7 (23.3, 28.7); no HRT use: 25.9 (23.6−29.4); p=0.008). Numbers of smokers decreased between each visit and, excepting the first visit, smokers had lower BMI than nonsmokers (results not shown).
Changes in body mass, PAL and energy intake
All three visits were attended by 1875 participants. Body weight increased an average of 5.4 kg over the visits, while height decreased by an average of 1.8 cm (table 2) . This resulted in a mean gain of 2.7 units of BMI. PAL increased from visit 1 to visit 2, but declined by a similar amount between visits 2 and 3, resulting in only a slight decrease overall from visit 1 to visit 3. Conversely, reported energy intake decreased from visit 1 to 2, but increased from visit 2 to 3. The majority (72%) of participants gained >5% of their baseline BMI, while 23% remained stable and 6% lost >5% of their initial weight. Those who gained >5% of their baseline bodyweight had the lowest BMI at baseline among the three groups and decreased their energy intake between visits 1 and 3 (see online supplementary file 1). Heights of all participants decreased from the first to third visits but were not significantly different between those who lost, gained or remained stable in their BMI. Table 3 shows how participants maintained or moved weight categories between visits 1 and 3. Of those categorised as normal weight at the baseline visit, 45% and 6% were overweight or obese, respectively, by the third visit. Very few individuals who were initially categorised as overweight or obese lost weight and were reclassified as normal weight. The majority of obese individuals (91%) remained obese, while 46% of overweight individuals became obese between the visits.
Trends in BMI, PAL and energy intake across quartiles of BMI at each study visit are shown for participants who attended all three study visits (solid black line), or cross-sectionally at each visit (dashed line) (figure 2). At visit 1, there was no trend of increasing PAL or total energy intake across quartiles of BMI (p trend=0.39, p trend=0.39, respectively). Visit 2 saw the greatest downward change in PAL and upward increase in energy intake across BMI quartiles. In contrast, while PAL at visit 3 decreased across quartiles of BMI, energy intake also decreased. Individuals who attended all study visits had similar BMI distributions compared with serial cross-sectional measurements.
Data from the subset of individuals who answered a retrospective questionnaire on weight for ages 20, 30 and 40 years show that individuals increased in weight steadily from their 20s onwards (see online supplementary file 2). Greater spread in weight was observed at younger ages, with body weight ranging from 48 kg (quartile 1) to 66 kg (quartile 4), narrowing by the third study visit to 65 kg and 75 kg over four decades later.
DISCUSSION
In this study, we assessed changes in BMI, physical activity and energy intake over two decades in a population of women who were perimenopausal at the start of the study period. Over two decades, overweight and obesity increased by over 50%, from 45% to 69%. This increase is greater when considering only the individuals followed-up across all three studies: 40% to 69% were categorised as overweight or obese between the first and third visits, an increase of over 70% (results not shown). Much of the shift was observed with individuals who were categorised as having normal weight; over half moved into overweight and obese categories over the study period. Similarly, almost half of those who were categorised as overweight shifted into the obese category, while those who were obese tended to stay obese. Over 70% of women gained >5% of their starting BMI, but some of the increase in BMI was a result of body weight gain as well as height loss. While we noted that those who gained >5% of their initial BMI had the lowest BMI at baseline, their baseline BMI was similar to those who maintained their BMI across study visits (BMI 24.1 vs 24.5). Regardless of starting BMI, most individuals gained weight; 75%, 71% and 61% of those who were initially categorised as normal weight, overweight and obese gained >5% of their starting BMI (results not shown). This weight gain was not only confined to the study period, when the women were beginning middle age. We observed steadily increasing weight gain from when the women were young adults; this trend in weight gain shown as quartiles of recalled body weight when the women were 20 years old through to the third study visit mirrored what trends would be observed with quartiles of BMI at visit 1 through visit 3. Our results show that there is a constant gain in weight across the adult life course regardless of how much the women weighed as young adults. A wider distribution of weight at age 20 narrowed as the women aged, and this narrowing was mostly due to the movement of participants into higher weight categories, while those who were obese gained weight but at a slower pace.
These linear increases in body weight have been observed in other longitudinal cohorts. [28] [29] [30] In a racially diverse cohort of men and women followed over a 25-year period from the ages of 18-30 years as well as using data from the National Health and Nutrition Examination Survey (NHANES), authors report that all groups reported steadily increasing BMI. 28 30 Similar to our findings, the authors noted that the greatest change in weight for women occurred when participants were young adults and levelling at later follow-up visits.
While the aetiology of obesity is extremely complex, a balance between energy intake and expenditure is important in maintaining body weight. 31 An increase in energy intake and a decrease in PAL would have been expected, given the increases in levels of overweight and obesity. Levels of PAL at these visits were characterised as being sedentary or lightly active, which would not meet the UK physical activity recommendations and we did not observe significant changes in intake and expenditure between the first and third study visits. This discrepancy is attributed to underestimation of true caloric intake, which is more common among those who are overweight or obese. 32 33 A recent report suggests that under-reporting of energy intake has increased over time and may explain the reported declines in energy intake. 9 33 We found the greatest change in energy expenditure and intake at the second study visit when participants were in their mid-50s, where a decrease in PAL occurred concomitantly with an increase in energy intake. In this period of middle age, individuals who were in the highest weight category not only had lower levels of physical activity, but also higher energy intakes. The time between the first and second visits also reflected the greatest increase in overweight and obesity in those followed across all three study visits, from 40% to 57%. Middle age could therefore be an appropriate target of health interventions to stem the increase in weight gain, such as through slowly building up to 10 min bouts of physical activity in older adults with low fitness levels; 6 the UK government has acknowledged the importance of this period by launching the One You campaign (https://www.nhs.uk/oneyou) to encourage health behaviour change. Assessing the timing of greatest weight gain and decline in physical activity would be beneficial in advising interventions and policies pointed at adult weight gain.
Strengths of this study include a large sample size of women with multiple study visits over the course of 20 years, allowing for longitudinal analysis on a subset of participants. Weight trajectories over six decades of life were possible through questionnaires recalling body weights. Recall bias of past body weight necessitates caution when interpreting results as women tend to underestimate past body size, but provides insight into how individuals at lower or higher body weights in young adulthood track, and allowing us to observe weight cycling among many women. 34 35 The recalled weights would likely have been lower than actual body weights, so our observed weight trajectories are expected to be more pronounced than expected. However, a trend in weight increase throughout adult life would still have been observed.
Limitations of our study include the inability to determine the source of body weight gain, as BMI is a surrogate measure of body fatness. However, ageing parallels changes in anthropometry: decreasing muscle and increasing body fat gain. 36 We did not have measurements of fat and lean-body mass and thus were unable to determine whether changes in body weight over time were due to increases in fat mass, decreases in lean muscle mass or a combination of the two. We observed lower BMI among individuals in the lowest deprivation category (least deprived/ most affluent), rising linearly with increasing levels of deprivation at each study visit, but did not observe similar trends for energy intake; this is in agreement with the 2014 Scottish Health Survey. 10 We are therefore unable to ascertain whether socioeconomic status differences in energy intake explain these trends. Participants were selected randomly using the Community Health Index, so that participants are more representative of the general population in northeast Scotland, but limits comparison with other populations. Results may also be biased because participants lost to follow-up tended to be shorter, heavier and more likely to be smokers and come from a less affluent socioeconomic category.
CONCLUSION
We observed considerable increases in the prevalence of overweight and obesity in a population of women in northeast Scotland over the course of two decades of follow-up. Over time, women lost height and gained body weight and, regardless of body weight as a young adult, a definite trend in increasing What is already known on this subject
As people age, they tend to put on body weight. In women, this is compounded in middle age by physiological changes that occur due to the menopausal transition. Many people fail to reach the recommended amount of moderate physical activity and most individuals are now overweight or obese. Whether weight gain in middle age is due to decreases in physical activity or increases in energy intake has not been studied in a longitudinal cohort of women.
body weight was observed. The greatest change in physical activity and energy intake occurred when the women were in middle age following the largest increase in the prevalence of overweight and obesity; it may be beneficial to target obesity interventions in this sensitive period. Many women also exhibited weight cycling from their 20s onwards; future work could consider how these women differ from those who gain weight linearly.
Correction notice This article has been corrected since it was published Online First. Some of the symbols associated with overweight and obese categories were mistyped and have been corrected. In Figure 1 , "Obese >30" was changed to "Obese ≥ 30". Several of the symbols were corrected in the 'Weight category' sub-rows in Table 1 . In the "Measurements" section of the paper, > was changed to ≥ in 'and obesity as BMI >30 kg/m 2 '.
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What this study adds
This study looks at trends in weight gain and obesity status over a 20-year period in the same group of women, assessed between 1990 and 2011. Recalled body weights showed that there was a larger spread of weight at age 20 which narrowed by the end of the study, when the women were in their mid-60s, by which time obesity had more than doubled. The largest discrepancy between increases in energy intake and decreases in physical activity occurred when women were middle-aged, and may be an important period to intervene to prevent excess body weight gain.
